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FeatureScanIdentiﬁcation of different functional elements and their properties is a fundamental need in biomedical
research and phylogenetic comparisons of a growing number of sequenced genomes form a solid basis for
this task. Most available phylogenetic approaches are focused on searching for individual sequence
alterations, responsible for the observed phenotype, or statistically evaluate observed mutations to infer
general trends. However, being applied to close genomes such methods suffer from poor statistics of rare
mutations and give only (at its best) coarse results concerning the potential functional importance of the
nucleotide differences. However, quantifying the changes in physical properties of DNA allows to see the
strength of introduced mutations and hence to classify them for further investigations.
In this work we present the comparative sequence analysis of two evolutionarily close species—human and
chimpanzee. In contrast to previous studies we evaluate changes in melting enthalpy of DNA rather than
count nucleotide mismatches. We ﬁnd that nucleotide mismatches in promoters were apparently introduced
in a correlated manner during the course of evolution, so that, for example, the DNA property “melting
enthalpy” was retained. Such property conservation of promoters is signiﬁcantly different from nucleotide
conservation, shows signiﬁcant positional and functional biases, and seems to represent a novel feature of
gene regulation.).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Comparative genomics provides a powerful approach for investi-
gating newly sequenced genomes. To date great advances in this area
were achieved by identiﬁcation of protein-coding and non-protein-
coding functional elements [1]. A traditional strategy for comparative
analysis of gene coding regions would be identiﬁcation of synony-
mous and non-synonymous substitutions and differences in exon–
intron structure. Gene regulatory regions are usually searched for
overrepresented and conserved regulatory motifs. However, investi-
gation of promoters by motif recognition methods, in particular with
respect to close genomes (as for example, human and chimpanzee),
should be regarded as not exhaustive. First, a substantial amount of
short genetic elements are masked by longer conserved non-
functional DNA sequences. Second, a low number of accumulated
mutations weaken any statistical calculation.
Numerical evaluation of changes in DNA physical characteristics
caused by mutations represents a new growing ﬁeld in DNA sequence
analysis. It allows numerical evaluation of every single mutation in a
multidimensional space of DNA features, search for feature conser-
vation instead of sequences conservation, and identiﬁcation of speciﬁcDNA features for particular DNA elements [2]. Hence, considering
longer DNA stretches and with a methodology at hand to quantify
every single mutation makes the statistics more accurate especially
when comparing closely related genomes and, furthermore, have the
potential to reveal certain mechanisms in gene evolution.
Recent progress in the development of a novel signal theory-based
approach [3] and its applications (http://genome.helmholtz-hzi.de/
featurescan) [4] showed that this can effectively detect DNA
sequences that have similar features (for example, melting enthalpy)
even in the absence of letter similarity (we call this type of similarity
“signal similarity”). Our previous ﬁnding that promoters of E. coli
genes have similar conformational proﬁles within several functional
classes [5] encouraged us to apply this technique to the analysis of
eukaryotic genomes. In particular, we decided to compare genomic
sequences of human and chimpanzee.
While the genomic sequences of human and chimpanzee are
roughly 99% conserved [6], the obvious differences in both appearance
and behavior between these two species are surely beyond any doubt.
It is believed that the major differences are hidden in complex reg-
ulation programs of genes and interactions of their products. There-
fore, upstream promoter regions appear to be the ﬁrst candidates for
such close interspecies comparisons. As shown later, signal theory-
based approach applied to evolutionarily very close genomes helped
us to reveal a conservation of DNA melting characteristic of gene
promoters.
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Using Ensembl database (v. 37.3a) we built up two sets of upstream
sequences of all orthologous genes from human and chimpanzee.
Each sequence spans 2 kb upstream region starting from the 5′-most
annotated transcription start site. The total number of sequences in
each set was 9329.
We aligned promoter regions of orthologous genes using the
ClustalW program [7]. The majority of promoter regions showed
sequence conservation over 95%. Along with this we found a large
number of promoter sequences that showed extremely low sim-
ilarity, typical for alignments of random sequences (Fig. 1, similarity
of 60% and less). Investigation of the corresponding human and
chimpanzee genes revealed that these genes annotated as homol-
ogous have different exon–intron structure. In most inspected cases
the chimpanzee genes lack the ﬁrst one or two exons, while further
exons are identical. In some cases one of 5′-most exons is shorter
than its annotated homologue. Hence promoters assumed to be
homologous in fact comprise different genomic regions. Such
inconsistencies are often a consequence of the expression sequence
tag (EST) mapping technique, used to reveal exon–intron structure,
which are frequently 5′ incomplete. All such cases (3279 sequences
with similarity less than 90%) were excluded from further
comparisons.
For in-depth analysis we selected promoters located on chromo-
somes 21and compiled data sets of promoter sequences (229 sequences
in each set). To overcome the problem of possible inconsistencies in
orthologous sequences we made use of annotations in the TRANSPro
database [8] and manually inspected gene structures in the UCSC
Genome Browser [9]. Dubious cases (31 in total) were excluded from
further analysis.
Property-dependent similarities of orthologous promoters were
calculated using our tool FeatureScan [4] with “melting enthalpy”
as DNA characteristic. Algorithmically, FeatureScan is based on a
convolution method and can be described brieﬂy in three main
steps.
First is a transformation of nucleotide sequences into numerical
form, which we refer to as signals. Second is a computation of the
correlation integral (1) of two signals f and g, which can be rewritten
using Fourier transform (FT) of original signals (2) yielding (3). The
ﬁnal step is scanning along the offset y for a similarity value (4), whichFig. 1. Number of orthologous promoters showing a given level of similarity; 3279
promoter pairs with ClustalW similarity lower than 90% were excluded from the
analysis.is above some predeﬁned threshold. y values will deﬁne position of
possible matches of the sequences.
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In this work we use values of DNA melting enthalpy to produce
signals (Table 1S in Appendix A). The task of modeling DNA melting
thermodynamics was extensively studied down to individual con-
tributions of hydrogen bonds between complementary bases and
“base stacking” between neighboring bases [10,11]. Considering our
demands, it is reasonable and sufﬁcient to model DNA thermody-
namics using values for each dinucleotide pair as was suggested and
experimentally proven in our previous work [12].
For statistical evaluation of the results we tried to simulate the
evolution of primate promoters under pure random and transition/
transversion-biased [13] models. The set of 104 random sequences
was generated, which were of the same length (2 kb) and the same
mononucleotide context as promoter regions (A: 0.262, T: 0.252, G:
0.240, C: 0.246). Every random sequence from the set was duplicated
and both copies independently mutated in n/2 randomly selected
positions. Then a FeatureScan similarity value was calculated for each
such pair. Finally, these similarity values were averaged over the
entire set of random sequences, thus providing an expected value of
signal similarity with respect to number of mismatches (n). The value
n varied from 0 to 200 corresponding to 0–10% of sequence
divergence. An extensive investigation of dependencies between
property similarities and letter similarities is presented in [5].
Statistical signiﬁcance (p-value) is calculated as a probability to
observe a given or higher number of events under the binomial
law of distribution. For example, the probability that in an identiﬁed
set of k genes at least l genes will belong to a functional group A is
calculated by
pvalue =∑kj=l Cjl ⋅pj⋅ð1−pÞk−j and p = M =N; ð5Þ
whereM is the number of genes from an investigated group A and N is
the total number of genes. The smaller the p-value, the more sig-
niﬁcant is an observation. A p-value of 0.5 is indicative of a randomly
expected event and hence of no signiﬁcance (as for example, 5 times
numbers in 10 coin throws). We use the ExPlain™ system [14] for
performing the functional group association studies.
Results
Following the scheme described above, we calculated the sim-
ilarities of chimpanzee and human promoter regions using letter-
based (ClustalW) and signal-theoretical approaches (FeatureScan).
The distribution of the number of promoters vs. similarity is shown in
Fig. 1. In addition, we determined the values of signal similarity, which
would be expected, in case the nucleotide mismatches were randomly
introduced into promoter sequences. To model the known bias effect
of transition and transversion mutations [13] we changed the
mutation procedure of random sequences to ensure a transition/
transversion (ts/tv) rate ratio of 4.31 [15]. The resulting values are
given in Fig. 1.
Table 1
Correlation between promoter similarity and gene expression. Promoter sequences
were compared using FeatureScan (using melting enthalpy as DNA characteristic) and
ClustalW.
Positive Negative
FeatureScan 11 (69%) 5
ClustalW 6 (37%) 10
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genes, which differ by less than 1% of nucleotides, show signiﬁcantly
higher similarity by FeatureScan than expected. If we consider the
transition/transversion bias, then this difference will even be
increased; 4142 promoters show signal similarity above 99%
(expected 2440, 2107 under ts/tv model). Exact computation of p-
value could not be pursued due to extremely small values (b10−16,
double precision ﬂoating point). One critical point of this analysis is
the fact that a huge portion of promoters was initially excluded (about
35%). As described in the section above, most of them have differences
in the exon–intron structures at their 5′-ends. The origin of such
inconsistencies remains not fully clear. It may be due to annotation
errors or may be caused by certain gene features like activity, overall
number and length of exons, or existence of multiple alternative
transcription start sites. Indeed, the average length of the ﬁrst exon of
human genes that have correct chimp orthologs is 210.35 bp, while
for those that have some inconsistencies it is 186.74 bp. This simple
example shows that the observed annotation inconsistencies may
have some as yet unclear biological background. Having such a big
gene group been removed may cause signiﬁcant biases and lead to
artifacts, for example, in association studies with gene ontology.
Taking into account our previous investigations [16] we decided to
perform in-depth analysis of orthologous promoters located on
chromosomes 21. Following similar analysis we compared our
promoter sequences using ClustalW and FeatureScan (Fig. 1S in
Appendix A). Promoters of chimpanzee and human genes, which
differ by less than 2% of nucleotides, show signiﬁcantly higher
similarity by FeatureScan than expected; 139 out of 198 orthologous
promoter pairs showed higher signal similarity than can be expected
with a signiﬁcant p-value of 2.43*10−8.
The interesting question arises if this property conservation can
be explained or correlated with CpG islands in promoter regions or
their GC content [17,18], because nucleotides G and C greatly affect
DNAmelting. Similarmelting behaviormay have promoters involved
in bidirectional activity [19]. To check this we divided all promoters
into two sets: promoters that either comprise CpG island (CpG+) or
not (CpG−). Distribution of similarities of orthologous promoters
(Fig. 2Sa,b and Table 2S in Appendix A) shows that there is no evident
correlation between CpG content and ClustalW similarity. A slight
bias can be observed toward higher FeatureScan similarity and CpG
islands in promoters. Further analysis showed that the difference of
the mean values of these distributions is smaller than their standard
deviations (for example 0.004b0.0074), and therefore such differ-
ence is not signiﬁcant. Similar investigations with GC content of
promoters has also not revealed any signiﬁcant correlations
(Figs. 3Sa,b and 4S in Appendix A). Promoters involved in
bidirectional activity show a slight tendency to have higher signal
similarity to their respective orthologs, although this bias is
statistically not signiﬁcant (Tables 3S and 4S in Appendix A).
We tend to suggest that CpG or GC content of core promoters,
although being a very important factor for general gene transcription
regulation (e.g., tissue speciﬁcity or housekeeping genes regulation),
seems not to play a major distinctive role for promoters that
underwent a short term evolution (e.g., in the hominoid linage, see
Supplementary Table 7 in [16]). Instead, proper melting enthalpy
proﬁle along a promoter region reveals itself as an important factor of
human/chimp evolution andmay represent an as yet uncharacterized
ﬁne-tuning mechanism of gene regulation.
Using the gene ontology (GO) classiﬁcation, we examined the
functional distribution of genes that showed high signal similarity of
their promoters. A subset of 15 genes involved in the molecular
function “metal ion binding” (GO:0046872) and another subset of 11
genes involved in “nucleotide binding” (GO:0000166) were identi-
ﬁed. These observations have p-values of 4.9*10−3 and 4.52*10−5,
respectively. In the set of genes with low signal similarity, subsets of 3
and 4 genes can be identiﬁed in the same classes. Contrarily, applyingClustalW, the group of genes with highly conserved promoters
contains 8 genes from the functional class “metal ion binding,”
which is characterized with the non-signiﬁcant p-value of 0.34. This is
about half of all genes belonging to this class (data are given in
Table 5S in Appendix A). In general, no signiﬁcant associationwith GO
terms was found for the ClustalW-based promoter similarity groups.
Very interesting associations were found in the analysis of genes
connected to various human diseases using the disease section of
Proteome database [20]. We found that 5 genes with high promoter
signal similarity mapped to “Alzheimer's Disease” with high signiﬁ-
cance (p-value=1.4*10−4). Three of them form the tight signal
transduction network, connecting cell-cycle control and the key
molecule APP, which contributes to Alzheimer's Disease (Table 6S and
Fig. 5S in Appendix A).
A strong correlation of signal similarity with gene expression was
found by using our earlier data [16]. In that work a comparative
analysis of chimp and human chromosomes 21 (in old notation
chimp chromosome 22) and gene expression in two different tissues
was carried out. Using that data, we checked for any relationship
between similarity of promoters and respective gene expression. We
counted cases in which FeatureScan revealed high promoter
similarity and the respective expression of the orthologous genes
showed no difference (or vice versa: low promoter similarity–
different gene expression). The same procedure was done using
ClustalW, and the results are summarized in Table 1 (extended
Table 7S seen in Appendix A).
As it is obvious from Table 1, proﬁles of melting enthalpy of DNA
describe promoter activity much more speciﬁc than it can be deduced
just from conservation of nucleotide sequences. The prediction
accuracy of gene expression by comparing their promoter sequences
reaches a sensitivity of 83% and a selectivity of 60% using FeatureScan.
At the same time, using letter conservation under the same conditions
provides only 30% and 40%, respectively (data from Table 7S).
The overall distribution of genes along chromosome 21 is very
uneven with most genes located on the telomere half of the q-arms of
the chromosomes. We investigated possible clustering of genes, the
promoters of which showed high similarity independently by
FeatureScan (signal similarity) and ClustalW (letter similarity), taking
into account local gene density. We therefore ordered the list of
promoters by their similarity and split the entire set by half, 50% of
genes with promoters of high similarity and another 50% of low
similarity. The difference between these two sets clearly displays
either a local over- (positive values) or an underrepresentation
(negative values) of promoters from high or low similarity groups
along the chromosome.
Fig. 2 shows a rather high overrepresentation of genes with highly
similar promoters by signal similarity, located within the 43–47 Mb
region (34 genes with highly similar promoters against 23 with low
similarity). Interestingly, out of the top 35 (15%) promoter pairs with
highest similarity 11 are located in this region, while from bottom 35
only 5 are located in this region. Similarity by nucleotide sequence
(ClustalW) reveals the opposite picture. In the above-mentioned
region (43–47 Mb) only 18 promoters showed high letter similarity
and 39 showed low similarity (the difference of 21 is shown as a
negative value, indicating the domination of genes with promoters
with low similarity). Eight (13) promoters in this region are from
Fig. 2. Location-speciﬁc differences between the numbers of promoters with high and
low sequence similarities. Positive values represent predominance of conserved
orthologous promoters; negative values stand for predominance of variable promoter
sequences. Conﬁdence intervals cover values expected with a probability of 95%.
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Table 8S in Appendix A).
Discussion
The main advantage of phylogeny of close species is in the
potential to see evolutionary tendencies, which are not or not yet
“drowned” in mutation chaos. Here we investigated similarities of
promoter regions of human and chimpanzee genes on a basis of
melting enthalpy characteristics of DNA.
The revealed statistically signiﬁcant overrepresentation of promo-
ters with high melting enthalpy-dependent similarity encourage us to
speculate that single mutations occurring in evolution tend to
compensate disturbances involved by other (previous) mutations to
retain “original function". As we may conclude from the present
results, a nucleotide substitution decreasing the melting temperature
of a locus might induce evolutionary pressure for further mutations at
a close vicinity to compensate for the inﬂuence of the previous
mutation (“compensatory mutations”). For example, the frequency
of mutations is the highest in the uncompressed q22.3 (43–47 Mb)
chromosome band (Fig. 2), but the melting property remains
conserved.
An interesting question arises whether small groups of mutations
can be identiﬁed, which overall neutralize changes in melting within
such groups. More generally spoken, can one identify such a con-
secutive time sequence of mutation occurrence that each next mu-
tation (partly) compensates previous ones? Our simulations showed
that it is always possible to arrange mutations in our promoter
sequences in such an order so that ﬂuctuations of similarity do not
exceed 0.18% at any time point. Simulations on random sequences
showed similar results.
Accordingly, it can be concluded that a promoter may keep its
melting at least 99.82% similar to the original during an evolution once
this characteristic is critical for its biological function. Unfortunately,
real life never goes the optimal way. Only 11 promoter pairs out of the
identiﬁed 139 on chromosomes 21 show signal similarity over 99.82%.
Presumably, “lower” similarity of the other 128 is either due to
stronger ﬂuctuations of enthalpy than estimated above (0.18%) ormay reﬂect lower signiﬁcance of melting property for gene function-
ing in these cases. Comparison to other sequences such as the
Neanderthal genome or different human and/or chimpanzee lineages
will provide additional anchor points and thus will help verify the
proposed compensatory mechanism.
Its evident correlation with expression (Table 1) suggests that the
melting property of promoter regions appears to be signiﬁcant in gene
transcription activity. This agrees with experimental observations on
the role of DNA melting thermodynamics in the formation of
transcription initiation complexes, as it was shown for bacterial
promoters [21,22] as well as for eukaryotic promoters [23]. We
therefore suggest that, in general, a speciﬁc melting enthalpy of a
promoter region may be at least a necessary prerequisite for proper
gene regulation.
The interrelation between human/chimp “melting enthalpy”-
based promoter similarity and gene expression pattern in brain and
neurological human disease (Alzheimer's Disease) is considered
particularly encouraging for further studies. As for example, we
identiﬁed high similarity of melting proﬁles of promoter regions for
the gene DSCR1 that encodes calcipressin-1 signaling molecule, which
is characterized by similar brain expression pattern in human and
chimp. Understanding of regulatory mechanisms of these genes may
help pave the way to combating such severe human disorders as
Alzheimer's Disease.
Many promising advantages of property-dependent similarities
(in contrast to letter-based similarity) are encouraging us to proceed
to further applications. For example, it will be interesting to
investigate changes/ﬂuctuations of characteristics (melting temper-
ature, conformation, and many others) caused by SNPs throughout
the human genome. We believe that SNPs (both in coding and
promoter regions), which have phenotypic evidences, should be dis-
tinguishable in a single- or multidimensional space of DNA physico-
chemical properties.
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